This review focuses on those mouse mutations that cause an effect on the morphology, viability, and/or behavior of primordial germ cells (PGCs) and gonocytes at specific steps of their fetal development up to the start of spermatogenesis, a few days after birth. To restrict the area covered, mice with mutations that cause abnormal hormone levels or mutations of genes not expressed in germ cells that secondarily cause spermatogenic problems are not discussed. To make our literature search as comprehensive as possible, Pubmed was searched for "(primordial germ cells OR prospermatogonia OR prespermatogonia OR gonocytes OR spermatogonia or meiosis or spermiogenesis or spermatogenesis) AND mouse AND (knockout or mutant or transgenic)." This search started at 2003 as mutants created earlier were already retrieved for a previous review. The resulting citations were then further selected for complete or partial arrests at the level of PGCs and/or gonocytes. Fifty-nine protein coding genes and two miRNA coding genes were found that arrest the development of PGCs and gonocytes at specific steps providing a better insight into the regulation of the development of these cells. As to be expected, often problems in fetal germ cell development have an effect on the fertility of the mice at adulthood.
Introduction
Spermatogonial stem cells (SSCs), the cells that maintain lifelong spermatogenesis, originate from primordial germ cells (PGCs). In the mouse, at about embryonic day 6.0 (E6.0), signals from the adjacent extraembryonic ectoderm initiate the induction of potential precursors of the PGCs within the proximal epiblast cell population. The formation of final PGCs is induced in the epiblast at about E7. 25 . At that time about 30 cells acquire the PGC fate [2] [3] [4] . While actively proliferating, the PGCs then migrate to the genital ridge where they arrive between E9 and E12 [5] . During the time of migration and proliferation, some PGCs enter apoptosis and are lost. Hence, PGC development includes several aspects, e.g. specification, migration, proliferation, and apoptosis. Recently, the origin and development of PGCs has been described in detail [6] (Figure 1 ).
At E12.5, there are about 10 000 PGCs in each gonad which become enclosed by Sertoli cell precursors during the formation of the seminiferous cords. The germ cells present within the seminiferous cords differ morphologically from PGCs and are called gonocytes [7, 8] or M, T1, or T2 prospermatogonia, the latter names depending on Helix-span helix transcription factor [23] the proliferative activity of the cells [9, 10] . In this review, the term gonocytes will be used. While there is apoptosis of some gonocytes at E13 [11] , these cells proliferate during a couple of days after their formation and then become quiescent between E14 and E16 and stay that way until the start of spermatogenesis shortly after birth [12] . From the rate of the appearance of the subsequent germ cell types after the start of spermatogenesis it can be inferred that gonocytes at their first division produce A2 spermatogonia, implicating that some of the gonocytes differentiate into A1 spermatogonia before their first division. The rest of these cells will become undifferentiated spermatogonia, including SSCs, which will produce cells for subsequent waves of differentiating spermatogonia [13] [14] [15] . So, the cellular development of gonocytes involves proliferation, quiescence, and a resumption of proliferation at the start of spermatogenesis. In addition, while gonocytes are located in the middle of the seminiferous cords, these cells migrate to the periphery of the cords at the start of spermatogenesis.
In the literature, in many instances people working on PGCs keep calling the cells "PGCs" although at about E12.5, these cells become enclosed by pre-Sertoli cells in seminiferous cords and should therefore be called gonocytes or prospermatogonia. To avoid confusion, in this review we will use the term gonocytes for germ cells from fetal age E12.5 onwards, despite the fact that in some instances the authors of the cited articles refer to these cells as PGCs. The reader should keep this in mind when consulting the original articles.
Many mutants have been generated that show problems at various steps in the development of PGCs and/or gonocytes and the effects of these mutations will now be shortly discussed. Interestingly, for most developmental steps multiple mutations have been found that play an essential role.
Primordial germ cells Specification (Table 1) POU Class 5 Homeobox 1 (Pou5f1) is essential for the maintenance of pluripotency of cells of the inner cell mass and embryonic stem cells and encodes a germ line specific transcription factor that contains a POU-homeobox domain. POU5F1 expression is necessary for PGC specification in cultured extraembryonic mesoderm. As POU5F1 is a heterodimeric partner of sex determining region Y-box 2 protein (SOX2), that is also essential for specification (see below), possibly both factors are necessary for the same pathway leading to the formation of PGCs [16] .
PR domain zinc finger protein 1 (Prdm1) encodes a transcriptional repressor that is expressed in PGCs and gonocytes and plays an essential role in PGC specification. At E7.5, in wild-type (wt) embryos a cluster of about 30 tissue non-specific alkaline phosphatase (TNAP) positive PCG-like cells are present while in Prdm1 -/-mice at most five of these cells can be found. Subsequently at later ages, in homozygous mutants the PGC-like cells fail to show the characteristic migration, proliferation, and repression of homeobox genes that normally follow the specification of PGCs [17] . Furthermore, an inducible conditional knockout system using a Dppa3-MCMP transgene allowed to determine that deletion of Prdm1 in migrating Receptor tyrosine kinase [6, [27] [28] [29] [30] [31] PGCs at E9.5 or E10.5, or in gonadal PGCs at E11.5, causes apoptosis of all PGCs [18] . Hence, PRDM1 is essential throughout PGC development. PR domain zinc finger protein 14 (Prdm14) is a PR domaincontaining transcriptional regulator with exclusive expression in the germ cell lineage and pluripotent cell lines. It is expressed in the presumptive Prdm1-positive cells as early as E6.5, independently from PRDM1. PGC specification is accompanied by the activation of the stem cell program and repression of mesodermal somatic gene expression in progenitor cells. In Prdm14-deficient embryos, cells destined to become PGCs repress the somatic mesodermal program normally, but fail to regain potential pluripotency and to undergo subsequent epigenetic reprogramming. At E12.5 almost no PGCs are left in these mice and adult Prdm14-deficient testes and ovaries are devoid of germ cells [2] .
Spalt-like 4 zinc finger protein, encoded by Sall4, is expressed by PGCs and their precursors and in the adult testis in spermatogonia and spermatocytes. Conditional inactivation of Sall4 during PGC specification, by using PGC-specific Tnap-Cre, epiblast-specific Sox2-Cre, or tamoxifen-inducible Rosa26-CreERT2 mice, leads to a reduction in the number of PGCs in embryonic gonads. Sall4 -/-PGCs fail to translocate from the mesoderm to the endoderm and undergo apoptosis. In Sall4 -/-PGC progenitors, the somatic cell program genes Hoxa1 and Hoxb1 (homeobox A1 and homeobox B1) are derepressed, while activation of the stem cell program is not impaired. Adult Sall4 -/-mouse testes contain fewer germ cells [19] .
The wide range of biological responses elicited by bone morphogenic proteins (BMPs), the largest subfamily of TGFβ secreted growth factors, converge on closely related downstream effectors, among which Smad1 and Smad5 (mothers against decapentaplegic1 and 5) are broadly expressed in the embryo. Smad1 and Smad5 double heterozygotes show defective allantois morphogenesis and PCG specification, processes known to require maximal BMP signaling. PCG specification is abolished or greatly reduced in Smad1/5 double heterozygotes, suggesting that these SMADs act in combination downstream of BMP4 to control this process. By E9.5, between 200 and 300 PGCs, marked by the presence of alkaline phosphatase, are normally present in the dorsal hindgut. However, at that time, the majority of double heterozygotes entirely lack germ cells, whereas in the less than 40% remaining mice there are ∼10-fold fewer PGCs [20] . Sox2 is a stemness-promoting gene [21] , expressed in PGCs. Embryos lacking Sox2 in PGCs show a dramatic decrease of PGCs at the time of their specification at E7.5. When, by making use of Prmd1-Cre mice, Sox2 is conditionally knocked out at E9.5-E10.5, there is a decrease in proliferative activity of PGCs [22] . Therefore, in the normal mouse Sox2 is important for PGC specification as well as for the proliferation of these cells.
Transcription factor AP-2 (Tcfap2) belongs to a family of five closely related genes that are expressed in PGCs from E7.25 onwards and in gonocytes but not in spermatogonia. In Tcfap2c cKO mice, made using Mox2-Cre or Alpl-Cre mice, at E7.25 there are normal numbers of PGCs at the base of the allantois but at E8.0 these numbers are drastically reduced. At E9.5 no migrating PGCs can be observed in Tcfap2c cKO mice. Upregulation of Hoxb1 and the mesoderm markers myogenic differentiation 1 (Myod1) and heart and neural crest derivatives expressed 1 (Hand1) together with lack of expression of germ cell markers such as nanos C2HC-type zinc finger 3 (Nanos3), deleted in azoospermia-like (Dazl), and mutY DNA glycosylase (Mutyh) suggest that erroneously the mesodermal somatic gene program is induced in Tcfap2c-deficient PGCs and that these cells are subsequently lost [23] .
Migration (Table 2) chemokine (C-X-C motif) receptor 4 (Cxcr4), the gene encoding the receptor for the chemokine chemokine (C-X-C motif) ligand 12 (CXCL12), is expressed in migratory and post migratory PGCs present from E9.5 to E12.5. Germ cells in embryos carrying targeted mutations in Cxcr4 do not colonize the gonad normally. However, at earlier ages PGCs are able to colonize and migrate in the hindgut, so it is only the migration from the hindgut to the genital ridge that is affected. In addition, cell counts at different ages suggest that CXCR4 may also mediate PGC survival. Apparently, CXCL12/CXCR4 interaction is specifically required for the colonization of the gonads by PGCs, but not for earlier stages in PGC migration [24] .
Mir-290 through mir-295 (mir-290-295) is a microRNA cluster that is expressed specifically in early mouse embryos and embryonic germ cells. While in mir-290-295 −/− animals, PGCs proliferate actively and do not become apoptotic there is an improper migration of PGCs to the gonads and many PGCs become ectopically localized. In neonatal mir-290-295 −/− testes, there are few germ cells but with age these mice can recover and become fertile [25] . receptor tyrosine kinase-like orphan receptor 2 (Ror2), encoding a receptor tyrosine kinase-like protein, is expressed in migratory and post migratory PGCs. In the mouse mutant for Ror2, PGC migration and survival are dysregulated, resulting in a substantially diminished number of PGCs in the embryonic gonad. wingless-type MMTV integration site family, member 5A (Wnt5A) lies upstream of Ror2. The effect of Wnt5a deficiency on PGCs is both more severe and earlier than that of Ror2 deficiency. It has been proposed that WNT5a stimulates the response of PGCs to the chemotactic effect of the KIT/KITL (proto-oncogene receptor tyrosine kinase/kit ligand) pathway by redistribution of ROR2 within the cell. The dysregulated migration of PGCs in Ror2 mutant mice leads to ectopically localized PGCs that enter apoptosis [26] .
Some natural mutations affect the proliferation and migration of PGCs. The most well known are those that involve the KIT receptor, expressed in PGCs and differentiating spermatogonia and its Sertoli cell produced ligand stem cell factor (SCF), the W/Wv and Sl/Sl mutants, respectively. There is a range of mutant alleles with a varying severity of the phenotype but in many mutants there is an Peptidyl-prolyl cis-trans isomerase [44] impairment of fertility because of a total or almost total absence of germ cells [6, [27] [28] [29] [30] . In W/W and Sl/Sl mice, normal numbers of PGCs are present at day E8.5 but few are able to migrate to the gonads [30, 31] .
Proliferation (Table 3) DICER1, the RNase III containing enzyme, catalyzes miRNA precursors to form mature miRNAs [32] . It is expressed in PGCs and gonocytes. PGC-specific disruption of Dicer1 in mice from E10 onwards, using Tnap-Cre mice, causes a decreased number of mitotic PGCs at E12.5, at which time these cells become surrounded by Sertoli cells in the seminiferous cords, while no changes are observed in the numbers of apoptotic cells. In DICER-deficient mice, there is a significant reduction in PGC/gonocyte numbers at E12.5 and E13.5 but not at E11.5 [33] .
In extra spindle pole bodies 1 (Espl1) phosphorylation mutant S1121A mice, made using Meox2-Cre mice, similar numbers of PGCs migrate to the genital ridge as in wt mice. However, subsequently, there is a proliferation failure of germ cells that becomes visible at E12.5. At E14.5, germ cells are no longer present in the testes of these mice. The S1121A point mutation in Espl1 causes precocious sister chromatid separation and the accumulation of PGCs/gonocytes arrested in mitosis, due to activation of the spindle assembly checkpoint. The S1121A mutation causes chromosome misalignment during proliferation of the post migratory PGCs, resulting in mitotic arrest, aneuploidy, and eventual cell death. Hence, ESPL1 plays a critical role in the maintenance of sister chromatid cohesion and genome stability in proliferating post migratory PGCs/gonocytes [34] .
The Fanconi anemia group A gene (Fanca) encodes a component of a multiprotein nuclear complex required for the monoubiquitination of FANCD2 in response to DNA damage or during the S phase of the cell cycle. In Fanca -/-mice at E8.5, there is a normal number of PGCs but at E11.5 the number of PGCs is only half of that in wt mice and at E15.5 and at postnatal day (P) 0 there are few gonocytes present in the testis. The decrease in numbers of PGCs is most likely not caused by a defective migration to the gonadal ridge but by less proliferation or increased apoptosis. It is not clear whether, besides problems in PGC development, there are also problems with gonocyte development. In adult Fanca -/-mice, the testes show a mixture of tubules with normal spermatogenesis and tubules with defective spermatogenesis or no germ cells at all [35] . Fanconi anemia B (Fancb) is a recessive X-linked gene and has been reported to function in the regulation of H3K methylation in the germ line. FANCB plays a role in spermatogonial maintenance and the meiotic process but also during fetal germ cell development. Deficiency for this gene has a profound effect on the numbers of PGCs present at E9.5 and E11.5, and Fancb mutant male mice are infertile. Seminiferous tubules in adult male mutants are largely devoid of germ cells and in tubules that do show spermatogenesis, spermatids become arrested at the elongation phase [36] .
Mice with the insertional mutation referred to as gcd (germ cell deficient) show only few PGCs in the fetal male and female gonads [37] . Although normal numbers of PGCs are present at E8.5, their numbers do not increase because of a lack of proliferation of these cells. The gene mutated in gcd mice later appeared to be Fancl (alias Pog, proliferation of germ cells) which encodes a protein with a plant homeodomain (PHD) at its C terminus [38, 39] . PHD motifs are common in proteins involved in chromatin remodeling.
Fancm is important in DNA damage repair and is expressed in all tissues. Fancm deficiency causes a decrease in the proliferative activity of PGCs and does not affect numbers of apoptotic cells, leading to less PGCs/gonocytes at E12.5 of which relatively few are in S phase. The ATM-p53-p21 axis contributes to the DNA damage response and has been found to cause the PGC depletion in this model. At P1 there are fewer gonocytes and adult testis weight is lower in Fancm -/-mice than in wt mice. Despite this, adult Fancm -/-mice are still fertile [40] . The heterochromatin protein 1 (HP1) family members HP1alpha, HP1beta, and HP1gamma (chromobox 5, 1 and 3 or CBX5, CBX1 and CBX3, respectively) are thought to induce heterochromatin structure and to regulate gene expression by binding methylated histone H3 lysine 9. CBX3 is expressed in PGCs from E7.5 up till E11.5. A dramatic loss of PGCs can be observed at E11.5 in Cbx3 -/-mice. In addition, in Cbx3 -/-mice a lower percentage of Cbx3
PGCs is in S phase of the cell cycle than in wt mice while there is no difference between PGC migration and apoptosis. Therefore, the CBX3 deficiency likely decreases the mitotic activity of PGCs [41] . Studies have been carried out into DNA damage repair pathways that underlie germ cell depletion in mice mutated for minichromosome maintenance 9 (Mcm9), a gene that plays a role in homologous recombination repair (HRR). Germ cell depletion in these mice results from reduced PGC numbers both before and after these cells arrive in the primitive gonads. This reduction is attributable to reduced proliferation and not to increased apoptosis, and this response is independent of ATM-CHK2-TRP53-P21 (ataxia telangiectasia mutated, checkpoint kinase 2 and transformation related protein 53, respectively) signaling [42] .
Nanos3 encodes a RNA-binding protein and is expressed in the fetal testis in PGCs/gonocytes from E9.5 to E14.5. In Nanos3-null mice, the size of the adult testes is reduced to about 30% of that in wt mice and germ cells are no longer present. At E7.5, similar numbers of PGCs are present in wt and in Nanos3-null embryos. Few germ cells can be detected at E12.5 and germ cells are already absent at E15.5. At E9.5, more migrating PGCs are present indicating that Mitogen-activated protein kinase kinase [58] the specification and derivation of PGCs are normal but that PGCs are not subsequently maintained during migration. No apoptotic PGCs can be detected at E9.5 and E10.5. Therefore, Nanos3 is likely involved in the regulation of PGC proliferation [43] . protein (peptidyl-prolyl cis/trans isomerase (Pin1), a peptidylprolyl isomerase, is expressed in PGCs from E7.5 onwards and in gonocytes and is involved in the regulation of PGC proliferation. The PGCs in Pin1 -/-mice go through fewer cell cycles and strikingly fewer PGCs are found in the gonads [44] . Adult Pin1 -/-males are subfertile and many seminiferous tubules are markedly depleted of germ cells.
Apoptosis (Table 4) The pro-apoptotic gene BCL2-associated X protein (Bax), previously shown to be required for germ cell death during later stages of their differentiation, is expressed in PGCs, and is required for the death of PGCs left in ectopic locations during and after their migration [45] . These surviving ectopic germ cells can give rise to germ cell tumors [46] . The transcriptional coactivator/histone acetyltransferase CREBbinding protein (CREBBP) is highly expressed in PGCs and in the fetal testis somatic cells are also positive. In mice harboring a conditional knock out of Crebbp, made by using Tnap-Cre mice, the numbers of PGCs are significantly decreased at E10.5 and E11.5. The proliferative activity of the mutated PGCs is similar to that in wt PGCs but there is increased apoptosis [47] .
In the fetal testis, Dead-end 1 (Dnd1) is expressed solely in germ cells. In mice with a Ter mutation in Dnd1 (Dnd1Ter/Ter) almost all PGCs are lost before colonization of the gonad and in mice on a 129Sv/J background, testicular teratomas are formed. By crossing Dnd1Ter/Ter embryos to a Bax-null background, PGCs can be partially rescued. However, rescued male germ cells also generate teratomas at a high rate. Apparently, BAX-induced apoptosis plays a role in PGC apoptosis and through this, BAX protects from the formation of testicular teratomas [48] .
At E10.5, germ cells express two isoforms of the fibroblast growth factor (FGF) receptor: Fgfr1-IIIc and Fgfr2-IIIb. In isoform Fgfr2-IIIb deficient embryos, germ cell migration is unaffected, but the numbers of germ cells are reduced by about half. This decrease is not caused by effects on proliferation, as the BrdU labeling indices are normal, but there is a significant increase in the numbers of apoptotic PGCs in the mutant mice [49] .
Connexins are a family of proteins that form intercellular channels of gap junctions. Gap junction protein alpha 1 (Gja1), the gene encoding connexin 43 is expressed in PGCs. Mice homozygous for a null mutation in Gja1 have a deficiency of germ cells at birth that can be traced back to E11.5, implying that not enough PGCs reach the gonadal ridges [50] . PGC numbers do not differ from those in wt testes until E11.5, when there is a marked reduction in PGC abundance. This reduction in PGC numbers is accompanied by increased PGC apoptosis and increased expression of activated p53. Apparently, GJA1 is essential for PGC survival [51] .
Mitotic Arrest Deficient 2 Like 2 (Mad2l2) encodes a chromatinbinding protein that is involved in cell cycle control and DNA damage repair. In fetal mice Mad2l2 is expressed in many tissues and also in germ cells. In the adult mouse, Mad2l2 is expressed mainly in the testis, especially in spermatogonia and spermatocytes. Mad2l2 -/-mice exhibit growth retardation and a partial embryonic lethal phenotype. In Mad2l2-deficient embryos, PGCs are present at E8.5. However, a severe loss of PGCs takes place during migration and by E9.5, no PGCs are left [52] . Compared to wt an increase in apoptotic PGC numbers was found but cell proliferation was unaffected. Moreover, DNA damage accumulation and increased histone methylation can be detected in Mad2l2 -/-embryos. Apparently, Mad2l2 is essential to prevent apoptosis of PGCs [53] . Adult mutant mice show no germ cells in testes and ovaries. The pluripotency factor Nanog homeobox (Nanog) is expressed in peri-implantation embryos and PGCs. At E12.5, in Cre-induced ER-Cre/NRi-Tg and TNAP-Cre/NRi-Tg double-transgenic embryos, Nanog knockdown results in a ∼70% reduction in PGC numbers. In E9.5 and E10.5 migrating Nanog-knockdown PGCs, TUNELpositive apoptotic cell death is prominent and proliferation of PGCs is also decreased. In adult Nanog knockdown mice, the testes are smaller and in some mice spermatogenic irregularities can be observed [54] .
Nucleoporin 50 kDa (NUP50) is a component of the nuclear pore complex and is expressed in germ cells and somatic cells in the fetal testis. At E11.5 and E12.5, gonads of Nup50 -/-embryos contain few PGCs and at E15.5 both testes and ovaries no longer contain germ cells. At E9.5, the migratory PGCs show increased apoptosis but a normal rate of proliferation, leading to a progressive loss of germ cells. Clearly, NUP50 is essential role for the survival of PGCs during fetal development [55] . As already described, Pou5f1 (better known as Oct4) is essential for the specification of PGCs. A conditional knockout of Pou5f1, made using Tnap-Cre mice, to assess Pou5f1 function in PGCs revealed that at E8.5 and E9.5, the numbers of Pou5f1-deficient PGCs are similar to those in wt PGCs. However, compared to wt, a Wnt-3a Secreted signaling protein [59] decrease in the numbers of Pou5f1-deficient PGCs takes place during the period of E10.5 to E12.5. Massive apoptosis of Pou5f1-deficient PGCs can be observed during that period of time. Therefore, Pou5f1 has an important function in maintaining the viability of PGCs [56] .
As Pou5f1 also plays a critical role in PGC specification [16] , this factor seems important for PGCs from their formation onwards to them becoming gonocytes. A conditional loss of protein arginine N-methyltransferase 5 (Prmt5), an arginine methyltransferase, brought about using Pmrd1-Cre mice, in early PGCs causes complete male and female sterility. PRMT5 catalyzes the repressive H2A/H4R3me2s chromatin modification on LINE1 and IAP transposons in PGCs. It is directly involved in genome defense during preimplantation development and in PGCs at the time of global DNA demethylation. In Prmt5-deficient mice, at E11.5 there is a 40% reduction in PGC numbers and at E15.5-E16.5 germ cells are no longer present in the testis. The decrease in PGC numbers in the mutant mice is caused by enhanced apoptosis and decreased proliferative activity, the latter evidenced by a lower percentage of Ki67 + PGCs [57] .
RE1-silencing transcription factor (Rest), a gene encoding a transcription factor that binds to the conserved regulatory element NRSE/RE1, plays a role in PGC survival. In mouse embryos with a PGC-specific conditional Rest mutation, made using Tnap-Cre mice, normal numbers of PGCs are formed initially but at E9.25 and E12.5 there are many more apoptotic PGCs. The BrdU labeling index remains the same at that time, indicating a normal proliferative activity of the cells. While germ cell numbers are halved at E12.5, they are normal again at E18.5 and male Rest -/-mice are fertile. There are several anti-apoptotic genes among the REST-target gene candidates. Mitogen-activated protein kinase 5 (Map2k5), a component in the MAP kinase cascade, is one of these downregulated REST-target gene candidates, and a Map2k5 mutation, like the Rest mutation, also causes an increase in PGC apoptosis. This finding suggests that REST promotes PGC survival via regulation of Map2k5 expression [58] .
Unknown (Table 5) Caudal type homeobox 2 (Cdx2) contributes to the expansion of the established PGC population via Wnt signaling in mouse embryos. Conditional loss of Cdx2, made possible using Sox2-Cre mice, impairs the expansion of the germ cell population at the primitive streak and somite stages, and a wingless-type MMTV integration site family member 3A (Wnt3A) mutation causes the same impairment. In both these mutants, the number of PGCs is reduced by half [59] .
DNA methyltransferase (cytosine-5) 1 (Dnmt1), encoding a DNA (cytosine-5-)-methyltransferase, is responsible for maintaining DNA methylation in PGCs. DNMT1 functions to maintain methylation at discrete regions of the PGC genome up to E10.5. Its conditional knockout in PGCs, made by using Prmd1-Cre mice, causes a 50% decrease in PGC numbers at E11.5 and adult mouse testes are devoid of germ cells [60] .
ATRX chromatin remodeler, better known as RAD54 (ATRX), is an important factor in the homologous recombination pathway of DNA double-strand break repair. Adult Atrx KO mice are fully fertile but germ cell loss is found as early as E11.5, suggesting an early failure during mutant PGC development. The findings suggest that ATRX has a key function in maintaining genomic integrity of the developing germ cells [61] .
Gonocytes
Inclusion of gonocytes into the seminiferous cords (Table 6) In general, mutations in the KIT/SCF pathway cause a complete lack of germ cells or a severe reduction in the numbers of germ cells and an arrest of the differentiation of A al spermatogonia into A1 spermatogonia [62] . However, an ENU induced T to A transversion at the 441st nucleotide of the Kit gene open reading frame has been described in W-3Bao mice that gives a different picture. At E18.5 in W-3Bao/3Bao embryos, many gonocytes are present but none of these cells have become enveloped by the seminiferous cords present at that age. Apparently, in these mice PGCs do migrate to the testes but subsequently they either do not differentiate into gonocytes or the gonocytes are not recognized by the cells forming the seminiferous cords [63] .
Cytokinesis (Table 7)
Citron kinase (Cit) encodes for a myotonin-related protein, acting downstream of the GTPase RHO in cytokinesis control during proliferation. CIT is expressed in gonocytes, before and after birth, and in germ cells on the tubule basal lamina, especially differentiating type A spermatogonia, in the adult mouse. Mice deficient for CIT have an interesting phenotype as they show multinucleated cells and extensive apoptosis among gonocytes during their period of proliferation at E14.5 [64] . At E12.5, there is already a decreased number of germ cells, indicating that the mutation already affects PGCs. At P14, very few germ cells are still present in the mutant testis. Cytokinesis is a very important process in spermatogenesis as incomplete cytokinesis leads to the formation of a pair of interconnected cells which predestines cells for the differentiation pathway [65] . After Zinc-finger transcription factor [75] birth, apoptosis can be observed among the few A spermatogonia formed by the gonocytes in Cit -/-mice.
Proliferation and apoptosis (Table 8) B-cell lymphoma-extra large (Bcl-x) is expressed in PGCs and gonocytes [66] . Heterozygous knockout mice (Bcl-x +/-) exhibit severe defects in male germ cells during development. At E12.5, germ cell numbers and numbers of apoptotic germ cells are still comparable to those in wt mice but from E13.5 onwards there is a substantial increase in apoptosis of gonocytes, leading to hypoplasia of postnatal testes and reduced fertility. At E13.5, numbers of TUNEL-positive gonocytes are about two-fold higher in Bcl-x +/-embryos than in wt embryos and at E14.5 gonocyte numbers are about a quarter of those in wt mice [67] . The mammalian ortholog of yeast SLX4 structure-specific endonuclease subunit homolog (Slx4) encodes an ATM substrate that functions as a scaffold for various DNA repair activities and is expressed in gonocytes, spermatogonia, and spermatocytes. At E16, in Slx4 12bGeoFlox/bGeoFlox males in which the Slx4 gene is disturbed, normal numbers of germ cell nuclear acidic protein -1 (GCNA-1) positive gonocytes are present but at that age there is an increase in the numbers of apoptotic gonocytes and by E18, gonocyte numbers have declined significantly. In addition, between E18.5 and P3 many gonocytes are lost through apoptosis. Adult Slx4 12bGeoFlox/bGeoFlox males show a reduced fertility. It is concluded that SLX4 functions throughout gametogenesis to maintain genome stability, possibly by coordinating repair processes and/or by linking DNA repair events to the cell cycle via ATM [68] . BRCA1 interacting protein C-terminal helicase 1 (Brip1) is associated with Fanconi anemia complementation group J. In Brip1 -/-mice, at E14.5 there is a substantial decrease in gonocyte numbers compared to wt testes and this difference is even bigger at E17.5 and P1. As there is only a mild increase in the numbers of apoptotic gonocytes in KO compared to wt mice, the problem seems to lie in the proliferative activity of the cells. As the first cell counts were performed at E14.5, it is not clear whether or not the problem only resides in gonocytes or already in PGCs [69] .
The RNA-binding protein lin-28 homolog A (LIN28A) is expressed in gonocytes and undifferentiated spermatogonia. In Lin28a-deficient mice, at E13.5 the numbers of gonocytes and their proliferative activity (lower % of Ki67 + cells) are more than halved. There is a delayed puberty in Lin28a-deficient mice but the histology of adult KO testes is comparable to controls, except that sperm counts are halved in comparison to wt mice. Lin28a negatively regulates the expression of the microRNA Mirlet7a-1. Overexpression of Mirlet7a-1 mimics the effect of Lin28a deficiency on gonocyte behavior [70] .
Arginine methylation is a major form of histone methylation and is catalyzed by protein arginine methyltransferases (PRMTs). The conditional deletion of Prmt5 in PGCs at E9.5-E10.5, made by using Tnap-Cre mice, results in gonocyte apoptosis starting between E12.5 and E13.5, and gonocyte numbers are dramatically reduced at E13.5. Interestingly, the proliferative activity of the gonocytes is greatly enhanced at this time. At P1 very few gonocytes can be found in the testis. Symmetrical dimethylation on arginine 3 of histone H4 is dramatically reduced in Prmt5-deficient germ cells. Clearly, Prmt5 is required for gonocyte survival during fetal development [71] .
SET domain, bifurcated 1 (Setdb1) encodes a H3K9 methyltransferase and is important in the silencing of endogenous retroviruses in fetal germ cells. SETDB1 is expressed in gonocytes. At E13.5 in Setdb1-deficient mice the number of gonocytes is reduced and there is postnatal hypogonadism in both sexes. SETDB1 is suggested to guard against proviral expression prior to the onset of de novo DNA methylation in the germline and is supposed to be essential for gonocyte survival. In conditional Setdb1-deficient adults, made using Tnap-Cre mice, smaller testes and tubule cross sections without germ cells can be observed [72] .
Spleen focus forming virus proviral integration oncogene (Spi1) is a member of the Ets family of transcription factors which includes a functionally heterogeneous group of gene regulators that share a structurally conserved, eponymous DNA-binding domain. Spi1 is expressed in multiple cell lineages, and in the testis it is expressed in gonocytes from E12.5 onwards, undifferentiated spermatogonia and spermatocytes. In Spi1-deficient mice, the BrdU labeling index of gonocytes is lower than in wt mice from E12.5 onwards and the numbers of gonocytes are low at E15.5 and E17.5. When grafted Nos2 RNA-binding protein [43, 77, 79] to nude mice no spermatogenesis is established by neonatal mutant testes, suggesting that the gonocytes do not properly differentiate [73] . TGFbeta receptors are expressed in germ cells and Leydig cells throughout testis development. At E13.5, in conditional KO mice for TGFbeta receptor type II (Tgfbr2), made using Tnap-Cre mice, the number of gonocytes in G0 is decreased compared to control littermates, while the numbers of gonocytes in S-phase are increased and the numbers of gonocytes in G2/M of the cell cycle are reduced. At E13.5, the percentage of apoptotic gonocytes is increased twofold in cKO mice compared to control littermates. In organ culture mimicking in vivo development, there are higher proportions of proliferating and apoptotic gonocytes from E13.5 until P1, suggesting a reduction of germinal quiescence in these animals [74] .
zinc finger protein 148 (Zfp148), a member of a large family of C2H2-type zinc-finger transcription factors, is expressed in gonocytes at E12.5 and expression subsequently decreases from E12.5 to E13.5. Haploinsufficiency of Zfp148 causes infertility. Two functional copies of Zfp148 are required for fetal germ cells to survive in male mouse gonads. PGC numbers are normal at E11.5 but gonocyte numbers subsequently decline and at E18.5 few of these cells are left. Cell cycle regulation and meiotic entry (Table 9) The zinc-finger protein basonuclin 2, encoded by Bnc2, is required for complete mitotic arrest and for prevention of premature meiotic initiation in gonocytes. In the mouse testis, BNC2 is localized in gonocytes and undifferentiated spermatogonia. Gonocytes that lack BNC2 multiply excessively at E14.5 and re-enter the cell cycle prematurely. Mutant gonocytes also engage in abnormal meiosis and at E17.5, some Bnc2 −/− gonocytes start synthesizing the synaptonemal protein SYCP3. By the time of birth, many Bnc2 −/− gonocytes have accumulated large amounts of nonfilamentous SYCP3 and are blocked at leptonema. Bnc2 −/− gonocytes can produce spermatogonia, but these enter meiosis prematurely and undergo massive apoptotic death during meiotic prophase. At 2 months, PLZF + spermatogonia are no longer present in the Bnc2 -/-testis indicating that
SSCs are no longer present [76] . Nanos2 encodes a RNA-binding protein and is expressed in gonocytes from E13.5 onwards. In Nanos2 -/-mice at E14.5, the gonocytes seem normal but at E15.5 mitotic arrest is not complete and some gonocytes enter a mitotic or meiotic cycle. Apoptotic cell numbers increase and at E18.5 gonocyte numbers are greatly reduced, indicating that already at that age the gonocytes behave abnormally. In Nanos2-deficient mice, at P2 and P3, increased numbers of apoptotic gonocytes/spermatogonia can be seen and the transition from gonocytes to spermatogonia is delayed. In contrast, when Nanos2 is overexpressed, the gonocyte to spermatogonia transition takes place somewhat earlier. At 4 weeks after birth, the testes of nanos2 -/-mice are devoid of germ cells. In addition, Nanos2 expression is restricted to a particular subset of spermatogonia after birth, which indicates that Nanos2 plays a role in the maintenance and differentiation of gonocytes/spermatogonia in the neonatal testis [43, [77] [78] [79] .
Migration to tubule periphery, differentiation into spermatogonia, start of spermatogenesis (Table 10) After birth, gonocytes migrate from the center of the testicular cord toward the basement membrane to form the SSC pool and differentiating A1 spermatogonia. The actin disassembly factor actin interacting protein 1 (AIPS1) is required in both germ cells and Sertoli cells to regulate gonocyte migration. Both germ cell-specific and Sertoli cell-specific conditional deletion of the Aips1 gene, made using Mvh-Cre and Amh-Cre mice respectively, leads to significant defects in germ cell migration after P4 or P5, accompanied by elevated levels of actin filaments (F-actin) in the affected cells. Adult mice deficient for AIPS1 in either germ cells or Sertoli cells are sterile [80] . Cyclin B1 (CCNB1), a cell cycle regulator, is essential for mouse embryonic development. Conditional ablation of Ccnb1 in gonocytes and spermatogonia, using Mvh-Cre mice, leads to a clear reduction in gonocyte numbers at P3, which is at about the start of spermatogenesis while at P1 gonocyte numbers are still normal. Gonocytes and spermatogonia without CCNB1 are unable to proliferate normally and there is increased apoptosis. At P18, no germ cells are left in the cKO mouse testis. It is not clear whether the mitotic problems occur in the gonocytes themselves or after their differentiation into spermatogonia [81] .
In Dazl-deficient mice, the number of PGCs arriving in the gonad is not significantly different from that in wt mice. However, at E14.5 Table 10 . Gonocyte migration to tubule periphery, differentiation into spermatogonia, and start spermatogenesis. Sir2, Sir2alpha
Nicotinamide adenine dinucleotide-dependent protein deactylase [93] the numbers of gonocytes are much lower than in wt mice [82] . The reason for the decreased cell numbers remains unclear as there are no significant differences in proliferative activity and apoptotic gonocyte numbers. At P9, in Dazl -/-mice no preleptotene spermatocytes are present. Apparently, their precursor cells, differentiating type B spermatogonia, are not formed in these mice, suggesting that gonocytes are unable to differentiate into A1 spermatogonia. Indeed, at P9 only A spermatogonia are present [83] . The Dazl gene encodes an RNA-binding protein the precise action of which in germ cells is still unknown but apparently is indispensable in gonocytes for the formation of A1 spermatogonia. Doublesex and mab-3 related transcription factor 1 (Dmrt1), a transcriptional regulator containing the DM domain DNA-binding motif, is expressed in the developing testis in PGCs at E10.5 and 11.5 and gonocytes from E12.5 onwards, as well as in pre-Sertoli cells [84, 85] . In wt testes by P2, most gonocytes migrate to the periphery of the seminiferous tubules. In contrast, in testes lacking Dmrt1 the majority of the gonocytes remain central. By P5 the translocation is essentially complete in wt testes but in Dmrt1 -/-testes little or no additional translocation occurs. Dmrt1 mutant germ cells fail to undergo several of the normal postnatal events of germ cell development, including radial movement, mitotic proliferation, differentiation into spermatogonia, and subsequent initiation of meiosis, and they die by P14 [77] . As DMRT1 is expressed in both germ cells and Sertoli cells, the question then is whether the observed phenotype is caused by problems with Sertoli cell function or germ cell behavior. In experiments in which a conditional DMRT1 KO was made, using germ cell specific Ngn3 Cre mice, in the adult testis, severe problems with spermatogonial differentiation and precocious entry into meiosis were observed [86] . This suggests that at least an important part of the phenotype is caused by effects within germ cells, i.e. gonocytes in the fetal testis.
Krüppel-like zinc finger transcription factor GLI-similar 3 (Glis3) is expressed in gonocytes and undifferentiated spermatogonia but not in later spermatogenic cell types or in somatic cells. In Glis3 knockout mice, spermatogenesis is greatly impaired. Loss of GLIS3 function causes a moderate reduction in the number of gonocytes, but greatly affects the differentiation of gonocytes into spermatogonia. Gene expression profiling has shown that the expression of genes associated with undifferentiated spermatogonia is dramatically decreased in Glis3-deficient mice and that the cytoplasmicto-nuclear translocation of forkhead box O1 (FOXO1), which has been suggested to mark the gonocyte-to-spermatogonia transition, is inhibited [87, 88] .
HECT, UBA and WWE domain containing 1 (HUWE1) is an ubiquitin ligase that acts on proteins involved in cell proliferation, differentiation, and DNA damage response. It is expressed in gonocytes at P3 and in spermatogonia and spermatocytes [89, 90] . In Huwe1 -/-mice, a clear effect is seen on the gonocyte-tospermatogonia transition. Immunostaining for FOXO1 in testis sections at P1 shows a localization exclusively in the cytoplasm of gonocytes, with nuclear translocation of FOXO1, considered to mark spermatogonia, beginning at P3. Quantification of FOXO1-stained germ cells reveals that the number of cells with cytoplasmic localization is 36% higher in the Huwe1 cKO mice, made using Ddx4-Cre mice, compared to wt mouse testes. Another characteristic of gonocyte-to-spermatogonia transition is the migration of the gonocytes to the basal lamina of the seminiferous tubules. At P3, only 46% of the germ cells in the KO has migrated to the basement compared to 87% in the wt. This suggests that Huwe1-deficient germ cells become arrested at the gonocyte stage, or are delayed in their transition to spermatogonia. Also at P3, the number of germ cells incorporating BrdU is reduced by 63% in the KO, indicating a delay or failure of mitotic re-entry. Adult Huwe1-deficient male mice are devoid of germ cells [89, 90] . Reproductive homeobox 10 (Rhox-10) is a member of a 33-gene X-linked homeobox gene cluster. Conditional knockout mice for Rhox10, made using Mvh-Cre mice, cause a progressive spermatogenic decline in adult testes resulting from a dramatically reduced SSC generation and more and more tubules only showing Sertoli cells. P0 Rhox10 -/-testes show similar numbers of gonocytes as wt testes but less gonocytes migrate to the periphery of the tubules and less SSCs are formed and at P3 there are less PLZF, a marker for undifferentiated spermatogonia, positive spermatogonia in the KO than in the wt testes [91] .
Teratoma formation (Table 11) In male mice that lack the tumor suppressor gene phosphatase and tensin homolog (Pten), a lipid phosphatase for phosphatidylinositol 3,4,5-triphosphate, expressed in gonocytes from E13.5 onwards, the gonocytes have an increased mitotic activity and more of these cells become apoptotic than in wt mice. There is outgrowth of cells with immature characters. At P0, all testes in Pten cKO mice, made using Tnap-Cre mice, show bilateral testicular teratomas. Apparently, PTEN is essential for germ cell differentiation and an important factor in preventing germ cell tumor formation [92] .
Unknown (Table 12) ATRX (RAD54) is an important factor in the homologous recombination pathway of DNA double-strand break repair. Atrx -/-mice have less premeiotic germ cells than wt mice. Decreased gonocyte numbers are present at E13.5, P0, and P4. In adults, there is a high radiation sensitivity, but no overt phenotypic differences with wt can be seen in Atrx -/-mice [61] .
Sirtuin 1 (Sirt1) is a member of the sirtuin family of proteins and functions as a nicotinamide adenine dinucleotide-dependent protein deacetylase that has a role in the regulation of glucose metabolism, cell survival, and mitochondrial respiration. In the adult mouse testis, SIRT1 is expressed in germ cells from differentiating type spermatogonia onwards. At E15.5, the number of gonocytes in Sirt1 -/-mice is half of that in wt testes. The nature of the effect and whether the effect originates from a role SIRT1 might have in PGCs and/or gonocytes is not known. Sirt1 deficiency markedly affects spermatogenesis in the adult [93] .
Concluding remarks
In a review published in 2003, we described nine genes that were essential for a normal development of PGCs and gonocytes [1] , this number has now increased to 59 nonredundant genes to accomplish this task (Figure 1) . Also, the function of these genes in the development of PGCs and gonocytes could now be described in more detail and assigned to many more stages of development than in the previous review. In our literature search, also many more genes essential for the development of spermatogonia, spermatocytes, and spermatids were found. It is surprising that a fundamentally important process as spermatogenesis critically depends on the proper functioning of so many genes. Any disabling mutation in each of these genes will seriously hamper the spermatogenic process and may diminish fertility. Genomic studies on infertile patients will show the extent of the contribution of mutations to human male infertility. Quite a number of genes caused apoptosis of PGCs and/or gonocytes. These genes can be subdivided into genes that are involved in the regulation of the apoptotic process itself, e.g. bax and bclx, and those that are involved in a particular developmental step that cannot be taken in case of deficiency for the gene, causing the cell to enter apoptosis. The present knowledge is often insufficient to decide between these possibilities. Another point is that it is sometimes not clear whether cell numbers drop because of a lack of proliferation or because there is an enhanced apoptosis of the cells. Therefore, the data presented in papers describing the phenotype of a mutation have to be read with care with respect to these aspects.
Unless a particular gene is not expressed in PGCs but is in gonocytes, one has to be wary that an observed defect in gonocyte development may have been caused by a defect that already existed in PGCs but did not yet lead to a visible phenotype or was not studied in PGCs. In the same way, effects on PGC proliferation of migration may already originate from problems arising during the specification of the PGCs.
The earliest steps of germ cell development, as described in this review, set apart the cells that will form the germline. The somatic cells will inevitably die of old age or disease. In contrast, the newly formed germ cells will have to pass on their genome to, in principal, endless generations, which requires a certain form of "immortality." It is most likely for this reason that cells that become part of the germline take extra precautions to maintain genomic integrity. Aberration of genes encoding various proteins that affect DNA repair, such as the Fanconi anemia proteins or proteins involved in homologous recombination (e.g. Brip1, Mcm9, Atrx), indeed leads to disruption of early germ cell development at various stages. When DNA repair fails, strict genome integrity checkpoints are in place to remove germ cells that fail certain quality checks. Indeed, disruption or mutation of genes involved in cell cycle regulation (Espl1, Mad2l2) or apoptosis (e.g. Bax, Bcl2l2) also lead to problems during germ cell development. Moreover, transcription factors (e.g. Dmrt1, Nanog, Pou5f1, Prdm1, Sall4, Sox2) and genes involved in DNA methylation (e.g. Dnmt1) or histone modification (e.g. Setdb1) may be important to set the right degree of pluripotency of the developing germ cells.
In addition to this genomic perpetuity, the developing early germ cells have an extraordinary migratory capacity. A somatic cell with these combined characteristics would basically be a metastasizing cancer cell. Early germ cell development and the genes regulating this process thus are of particular interest as they determine these early events that orchestrate the mammalian life cycle.
